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ABSTRACT 
 
This thesis discuss the development of the first and second order models for predicting 
the cutting force produced in end-milling operation of modified AISI P20 tool steel. The 
first and second order cutting force equations are developed using the response surface 
methodology (RSM) to study the effect of four input cutting parameters which is cutting 
speed, feed rate, radial depth and axial depth of cut on cutting force. The cutting force 
contours with respect to input parameters are presented and the predictive models 
analyses are performed with the aid of the statistical software package Minitab. The 
separate affect of individual input factors and the interaction between these factors are 
also investigated in this study. In first order model, the decrease of cutting speed along 
with the increase in the cutting speed, feed rate, axial and radial depths of cut will cause 
the cutting force to become larger. The received second order equation shows, based on 
the variance analysis, that the cutting force increased when federate and radial depth of 
cut is raised. However, the cutting force increased with the slightly reduce of axial depth 
and cutting speed value. The predictive models in this study are believed to produce 
values of the longitudinal component of the cutting power close to those readings 
recorded experimentally with a 95% confident interval. 
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ABSTRAK 
 
Kertas tesis ini membincangkan perkembangan dalam pertama dan kedua susunan 
model untuk menjangkakan daya pemotongan yang dihasilkan dalam operasi hujung 
kisaran terhadap modifikasi AISI P20 alatan besi. Persamaan pertama dan kedua 
susunan daya pemotongan telah dikembangkan dengan menggunakan kaedah 
tindakbalas permukaan untuk mempelajari kesan terhadap empat pengeluar daya 
pemotongan di mana ianya adalah kelajuan pemotongan, kadar pembekal, kedalaman 
axial dan radial terhadap daya pemotongan. Kecerunan daya pemotongan yang berkait 
dengan parameter pengeluar telah dibentangkan dan jangkaan model yang dianalisis 
telah dilakukan dengan bantuan perisian statistik Minitab. Pembahagian kesan terhadap 
individu faktor pengeluar dan interaksi antara factor-faktor ini juga telah disiasat dalam 
kertas tesis ini. Dalam susunan model pertama, penurunan kelajuan pemotongan seiring 
dengan peningkatan kadar pembekal, kedalaman axial dan radial terhadap daya 
pemotongan telah menyebabkan daya pomotongan juga meningkat. Penerimaan 
persamaan susunan kedua berdasarkan perbezaan analisis di mana daya pemotongan 
bertambah apabila kadar pembekal dan radial terhadap kekuatan pemotongan telah 
dinaikkan. Namun, peningkatan daya pemotongan berlaku dengan sedikit penurunan 
nilai kedalaman axial dan kelajuan pemotongan. Jangkaan model dalam kertas tesis ini 
dipercayai dapat menghasilkan nilai komponen membujur terhadap daya pemotongan 
menghampiri kepada bacaan yg direkodkan secara experimen dengan 95% jeda 
keyakinan. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 INTRODUCTION 
 
The enhancement of productivity and the reliability of manufacturing systems 
have become more and more important in modern industry. Adequate prediction of 
machining performance can improve selection of correct machining conditions, save 
operation time and reduce waste (Won-Soo Yun and Dong-Woo Cho, 2001). An 
accurate model for the cutting forces is essential to analysis and prediction of 
machining performance. Milling operations are one of the most common machining 
operations in industry. It can be used for face finishing, edge finishing, material 
removal, etc. There are several parameters that influence the forces acting on the 
cutter. Because of these parameters, the forces may become unpredictable and result 
in larger dimensional variations when products are produced (Wen-Hsiang Lai, 
2000). 
 
As the research published by Tugrul Özel (1998), simulation of milling 
operations has the potential for improving cutting tool designs and selecting optimum 
conditions, especially in advanced applications such as machining of tool steels. This 
study has concentrated on developing and evaluating the mathematical models to 
predict surface roughness and cutting forces in a simple flat end milling operation. 
 
The cutting force has a significant influence on the dimensional accuracy 
because of tool and workpiece deflection in milling. Force modeling in metal cutting 
is important for a multitude of purposes, including thermal analysis, tool life 
estimation, chatter prediction, and tool condition monitoring.  
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1.2 PROBLEM STATEMENT 
 
The setting of the operational parameters range such as feed rate, rotational 
speed and axial depth of CNC Milling machine is the main problem face in this 
experiment. A good result of surface roughness and cutting force of AISI P20 tool 
steel are depend on the optimization of the parameters set up with aid of statistical 
method, using coated carbide cutting tool under various cutting conditions 
(Kadirgama et al, 2008).  
 
1.3 OBJECTIVES 
 
1. The objective of this study is to predict the cutting force in end-milling 
operation of modified AISI P20 tool steel by developing the first and second 
order mathematical model. 
2. To investigate the relationship between cutting parameters; cutting speed, 
feedrate, axial depth, radial depth with cutting force. 
 
1.4 LIMITATION 
 
            The limitation to develop the mathematical models which are the range of 
cutting speed is between 100 to 180 m/min, the feedrate between 0.1 to 0.2 
mm/tooth, the axial depth between 1 to 2mm and the radial depth between 2 to 5mm.  
 
 
1.5 OVERVIEW OF THE REPORT 
 
Chapter 1 gives the brief the content and background of the project. The 
problem statement, scope of study and objectives are also discussed in this chapter. 
Chapter 2 discusses about the literature review of this experiment such as CNC 
milling process, cutting tools, modified AISI P20 tool steel, and response surface 
methodology.  
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Chapter 3 presents the methodology and experiment setup for this project. It 
discuss on how the experiment be prepared with all the preparation of workpiece, 
experiment process and RSM. 
Chapter 4 discusses the result and discussion of the project. The discussion 
aims is to determine the predicted cutting force at the best state of this project and the 
relations of the four parameters in this project. 
Chapter 5 presents the conclusions of the project. Suggestions and 
recommendations for the future work are put forward in this chapter. 
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CHAPTER 2 
 
 
LITERATURE REVIEW 
 
 
2.1 INTRODUCTION 
  
The purpose of this chapter is to provide a review of the past research related 
to the machining prospect, workpiece, cutting tool and the method to analyze the 
cutting force prediction of AISI P20 tool steel by using Response surface 
methodology (RSM). RSM is a collection of mathematical and statistical techniques 
that are useful for the modeling and analysis of problems in which a response of 
interest is influenced by several variables and the objective is to optimize this response 
(Montgomery, 2001). 
 
In the manufacturing industries, various machining processes are adopted to 
remove the material from the work piece for a better product. Of these, the end milling 
process is one of the most vital and common metal cutting operations used for 
machining parts because of its ability to remove materials faster with a reasonably 
good surface quality. In recent times, Computer Numerically Controlled (CNC) 
machine tools have been implemented to realize full automation in milling since they 
provide greater improvements in productivity increase the quality of the machined 
parts and require less operator input. 
 
2.2  CNC MILLING  
 
CNC stands for “Computer Numeric Control” which is how a computer talks 
to a milling machine to control its movements to cut the part you design. The language 
it uses is called “G-code”, which is a series of instructions that, combined with X, Y 
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and Z coordinates denotes direction, speeds and key points of the shape to be cut. In 
the past, for example, even the most skilled machinist would have a problem cutting a 
circle because both the X and Y handwheels would have to be cranked at the same 
time at constantly varying rates at the same time. The computer, however, has no 
trouble doing this, and a complicated shape can be cut just as easily as a straight line. 
The advantage of CNC beyond cutting difficult 3D shapes is that once the program is 
written and the holding fixtures made, multiple identical parts can be made rapidly 
(sherline.com). 
 
Recent developments in manufacturing industry have contributed to increase 
the importance of computerized numerical control milling operations. Milling process 
is one of the most popular and effective machining operations. Computer Numerical 
Control (CNC) Milling is the most common form of CNC. CNC mills can perform the 
functions of drilling and often turning. CNC Mills are classified according to the 
number of axes that they possess. Axes are labeled as x and y for horizontal 
movement, and z for vertical movement.  
 
 
2.2.1 Cartesian Coordinate System 
 
The basis for all machine movement is the Cartesian coordinate system (Fig. 
2.1). Programs in either inch or metric units specify the destination of a particular 
movement. With it, the axis of movement (X, Y, or Z) and the direction of movement 
(+ or –) can be identified. Some machining centers may have as many as five or six 
axes, but for our purposes we will only discuss three axes. To determine whether the 
movement is positive (+) or negative (–), the program is written as though the tool, 
rather than the work, is doing the moving (NAVY-repairmans-manual-Chapter11).  
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Figure 2.1: Cartesian coordinate system 
 
Source: NAVY-repairmans-manual-Chapter11 
 
Spindle motion is assigned the Z axis. This means that for a drill press or 
vertical milling machine the Z axis is vertical, as shown in Figure 2.2. For machines 
such as lathes or horizontal milling machines, the Z axis is horizontal (NAVY-
repairmans-manual-Chapter11). 
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Figure 2.2: Three-axis vertical mill. 
 
Source: NAVY-repairmans-manual-Chapter11 
 
2.2.2 End Milling 
 
The end milling cutter can be divided into a finite number of disk elements and 
the total x-, y-, and z-force components acting on a flute at a particular instant are 
obtained by numerically integrating the force components acting on an individual disk 
element. Finally, a summation over all flutes engaged in cutting yields the total forces 
acting on the cutter at that time. Fig. 2.3 shows schematic views of an end milling 
process geometry and coordinate system. 
